The parameters of rockfill materials are important factors that influence the stability of high rockfill embankment. However, the influencing laws of parameter changes on the deformation of high rockfill embankments still remain unknown. To deepen understanding on the influencing laws of parameters of rockfill materials on the stability of high rockfill embankment, a case study using an orthogonal test and numerical simulation was conducted on the high rockfill embankment with 50.6 m banking in the secondary road reconstruction project of the national highway 316 from Xunyang to Ankang in the Shaanxi Province of China. The influences of elasticity modulus, dry density, Poisson's ratio, frictional angle, and cohesion on the stability of high rockfill embankment were analyzed. A three-dimensional numerical model of high rockfill embankment was constructed using FLAC3D, and a numerical simulation of the embankment deformation was performed using the maximum settlement of embankment as the evaluation index. The influences of different factors on the deformation of high rockfill embankment were evaluated through a numerical simulation based on the orthogonal test to verify the accuracy of the orthogonal test. In addition, the deformation law of high rockfill embankment was examined. Research results demonstrate that dry density predominantly influences the stability of high rockfill embankment, followed by elasticity modulus, Poisson's ratio, cohesion, and frictional angle. The optimal combination of parameters of rockfill materials was concluded from further analysis. The numerical simulation and orthogonal test results are consistent. The top surface of the high rockfill embankment develops settlement deformation during the construction period, accompanied by outward lateral squeezing trend at the foot of slope. The vertical deformation consists of settlement first and then upheaval. Research conclusions can provide some references for the reasonable selection of rockfill materials for embankment and the stability analysis of high rockfill embankment.
INTRODUCTION
The continuous building of highways in mountain areas has facilitated the construction of many high embankments. Stability analysis of high rockfill embankment has attracted wide attention. Such stability analysis is an old and complicated topic. In the early stage, the stability of high rockfill embankment has been analyzed through soil mechanics, material mechanics, homogeneous elasticity, and elastic-plastic theory by the semi-experience and semi-theoretical method. Outstanding progresses on studies on stability analysis of embankment have been achieved through unremitting endeavours of scholars in the world. Currently, stability analysis of embankment can be generally divided into ultimate equilibrium analysis method [1, 2] , random theoretical analysis method [3, 4] , numerical analysis method [5, 6] , and neural network algorithm [7, 8] according to theoretical bases and analysis principles.
The ultimate equilibrium analysis method is accepted as a practical technique for evaluating the stability of roadbed slope due to its simple calculation model and easy calculation scheme. However, this method requires the position and shape of the sliding surface to establish an equilibrium equation for solving the stability coefficient of roadbed slope. Conversely, the random theoretical analysis method avoids some uncertain factors that influence the stability of roadbed slope and can analyze the stability of embankment macroscopically. However, the results of random theoretical analysis have poor accuracy. With the development of computer technology, the numerical analysis method provides a convenient and effective means to analyze the stability of embankment. Numerical analysis can provide an intuitive understanding on the stress-strain state of embankment and the development of plastic zones. However, the numerical analysis results are restricted by the constitutive relations of rockfill materials. Neural network has strong nonlinear dynamic processing ability and can realize nonlinear mapping without knowing the relationship between distribution form of data and variables. The neural network algorithm ignores random and fuzzy factors that can influence the stability of embankment. Neural network can quickly evaluate the stability of roadbed slope but has high requirements on the completeness of data. Different methods also have different application ranges and advantages and disadvantages, but none of them can ignore the physical and mechanical properties of rockfill materials.
The parameters of rockfill materials are based on the stability analysis of high rockfill embankment. Such stability is directly related to the physical and mechanical parameters of rockfill materials, environmental conditions, and loads. The buckling failure of high rockfill embankment arises from factors originating from multiple aspects, including hydrogeological conditions, physical and mechanical properties of rockfill materials, construction technologies, and design theory. The buckling failure of high rockfill embankment is caused by poor understanding of the failure mechanism and the importance of stability analysis. Therefore, studying the stability of high rockfill embankment is crucial to assure the long-term stable operation of high-level highways in mountain areas.
On this basis, this study explored the influencing law of parameters of rockfill materials on the stability of high rockfill embankment through orthogonal test and numerical simulation to provide references for the reasonable selection of rockfill for embankment and deepen understanding on the influencing laws of parameters on the deformation of embankment. Research conclusions can provide references for the stability analysis of the national highway 316 projects and other similar engineering projects in China.
STATE OF THE ART
Given the lack of excellent soil rockfill for building highways in mountain regions, the roadbeds are mainly filled with waste slag produced from the cutting and excavation of tunnels. High rockfill embankment has become a common roadbed form in high-level highways to fully utilize the excellent performance of waste slag and decrease the influences of waste slag on ecological environmental failure along highways and traveling safety of the public. The stability of high rockfill embankment also attracts considerable attention from the engineering circle. Relevant scholars have conducted many studies on such stability. Some scholars have analyzed the stability of high embankment through experiments. Kohgo et al. [9] examined the influences of water level variation on the stability of rockfill embankment in reservoir areas by using a centrifugal model. Their analysis results are sensitive to the parameters of rockfill. Cao et al. [10] experimentally studied the stability of loess-filled high embankment under different boundary conditions (flexible and rigid) by applying the centrifugal model and ignoring the characteristics of rockfill. Enomoto et al. [11] conducted a series of dynamic centrifugal model tests by exploring the influences of water level, embankment height, slope height, compaction degree, and rockfill on the anti-seismic properties of embankment (mainly soil embankment). Boulanger et al. [12] investigated the anti-seismic performance of high embankment with easy liquefaction foundation reinforced by cement-soil walls by using centrifugal model test and numerical simulation. However, numerical simulation has some limitations in reflecting liquefaction and cracking of soils. Although model test results have some limitations, they provide convenience in studying high embankment projects and experimental references for people to solve high embankment deformation. However, these experiments are generally costly.
Field test is another way to examine the stability of embankment. Xu et al. [13] comparatively studied the long-term deformation of rockfill embankment under heavy loads through field creep test and numerical simulation, and the results are sensitive to the surrounding environment. Cao et al. [14] designed a large field test and studied the deformation behaviours of embankment under the reinforcement of geogrids and supports of floating piles, but the test period is generally limited. The field test can observe the deformation behaviour of embankment, but the test period is lengthy and the test results are sensitive to environmental changes.
Other scholars have investigated the stability of embankment in regions with complicated geographic and climatic environments, thereby expanding the knowledge on high rockfill embankment. On the basis of field plate loading test, triaxial creeping test, and monitoring data analysis, Gan et al. [15] proposed a comprehensive study method of the stress and deformation of high rockfill embankment. They also analyzed and predicted the longterm deformation characteristics of embankments with complicated geography and geological features. However, the results are closely related to the constitutive model and parameters of rockfill. Yu et al. [16] performed field monitoring on the settlements of different soil layers in an embankment in permafrost regions, analyzed the characteristics of embankment settlement under different geological conditions, and discussed the influences of temperature changes on the settlement deformation of embankments. However, the infrastructure at top of the embankment can influence long-term deformation of embankment to some extent.
Studies on the stability of high rockfill embankment accumulate numerous experimental data and engineering experiences for a similar type of engineering. Many scholars have proposed prediction models for the settlement deformation of high rockfill embankment by using existing engineering data. However, these prediction models have limits of applications. With considerations to characteristics of soft soil and various geometric parameters of embankment, Chik et al. [17] proposed a method to predict settlement deformation of embankment under loads by using the artificial neutral network system. This approach is highly applicable to soft soil foundation. Sukkarak et al. [18] improved the elastic-plastic model of double yield surfaces based on the hardening soil model and simulated the settlement deformation of high rockfill embankment during the construction period. The results demonstrated that the predicted settlement deformation conforms well to field monitoring data. On the basis of the predicted post-construction settlement of high rockfill foundation in Lüliang Airport in China, Zhu et al. [19] analyzed the post-construction components of the original foundation and filling structure and the causes of differential settlement and proposed a recursive analysis method of post-construction settlement based on strain rate. This method has large errors in the early construction period of embankment. Miščević et al. [20] developed a calculation model to predict the additional settlement of embankment caused by alteration of rockfill and expanded the knowledge range on settlement deformation of embankment for solving the additional settlement of embankment caused by the worsening of soft rockfill. Zhang et al. [21] put forward a practical calculation technique that can predict the deformation of embankment under long-term traffic loads based on the theory of equivalent viscoelastoplastic model. This method is only applicable for estimating the settlement of embankment and cannot calculate the horizontal deformation of embankment.
To solve the shortcomings of existing studies, this work explores the deformation law of high rockfill embankment in the K21 + 350 -K21 + 541.751 section of the secondary road reconstruction project of the national highway 316 from Xunyang to Ankang in Shaanxi Province under different parameters of rockfill materials through orthogonal test and numerical simulation. This study is expected to expand the knowledge range on high rockfill embankment. The conclusions can provide references for material selection and stability analysis of high rockfill embankment in the Qinba Mountain area and other regions in China.
The remainder of this study is organized as follows. Section 3 elaborates the orthogonal test and numerical simulation design. Section 4 analyzes and discusses the results of the orthogonal test and numerical simulation. Section 5 summarizes the conclusions of this work.
METHODOLOGY 3.1 Orthogonal Test Design
Univariate or binary analysis of variance can be used to analyze the significance of the effects of one or two factors on the test results in practical situations. The stability analysis of high rockfill embankment must consider the effects of multiple factors on deformation and can be realized by orthogonal test.
Orthogonal test is a mathematical statistics method that arranges the tests and analyzes the results scientifically by using the orthogonal table. This approach selects few test schemes with strong representativeness from abundant test conditions and then recognizes the optimal scheme by analyzing the few test schemes. Moreover, information on relevant factors is provided. Test results are generally test indexes. Conditions that can be investigated or controlled in tests are elements or factors. Different states of elements in the test are called levels.
According to the given levels of elements and factors for investigation, the corresponding orthogonal table Ln(r1 × r 2 × ··· × r m ) is chosen, where L is the orthogonal table, n is the number of rows in the orthogonal table (this means n tests can be arranged), and m is the number of columns in the orthogonal table (the most number of factors that can be arranged in the test). The factor j has r j levels. An isohorizontal orthogonal table is commonly used: r 1 = r 2 = ··· = r m = r, which is recorded as L n (r m ).
Parameters are expressed as follows: different factors are A, B, ….; the number of levels of different factors is r; A i expresses the level i of element A (i = 1, 2, …, r), and X ij reflects the value of level i of element j (i = 1, 2, …, r; j = A, B, …).
If the test result index of the level i of element j in the test under X ij is Y ij (which is a random variable following normal distribution), then n test results Y ijk (k = 1, 2, …, n) can be gained from n tests under X ij . Relevant calculation parameters are shown as follows:
Range (R j ) is used as the parameter to evaluate the sensitivity of elements and can be expressed as
The element highly influences the test results when R j is high. In other words, the sensitivity of the element is strong. Elements with low R j can be viewed as insignificant to the test results when it changes within the chosen range.
In this study, five elements are chosen, namely, elasticity modulus (A), dry density (B), Poisson's ratio (C), frictional angle (D), and cohesion (E). The influences of the five elements on the stability of high rockfill embankment are investigated. The levels of each element are determined with references to the parameters of local common rockfill materials. The five elements and their corresponding levels are shown in Tab. 
Numerical Simulation
According to the section of the maximum filling height (50.6 m) in this high rockfill embankment (Fig. 1) , a threedimensional numerical simulation model (Fig. 2) was constructed using the FLAC3D software. This model was divided into 17.732 nodes and 30.470 units. The rock-soil mass applied the Mohr-Coulomb model, and the filling process of embankment was accomplished in 26 steps. The bottom side and sides of embankment were constrained boundaries, and the upper surface was a free surface. In this section of embankment, the maximum filling height in the center was 37.2 m, and the maximum height of the roadbed slope was 50.6 m. The first-level slope rate was 1:1.5, and the slope height was 8 m. A 3 m-wide platform was set. The second-level slope rate and slope height were 1:1.75 and 12 m, and a 3 m-wide platform was set. The third-level slope rate and slope height were set 1:2 and 20 m, and a 3 m-wide platform was set. The fourth-level slope rate was chosen as 1:2. 
RESULT ANALYSIS AND DISCUSSION 4.1 Analysis of Orthogonal Test Results
In this study, the maximum settlement of the embankment was chosen as the index of the orthogonal test and the settlement of the embankment was analyzed using the FLAC3D software. The orthogonal test design and calculation results are listed in Tab. 2. Sensitivity was analyzed according to Tab. 2 and Eqs. (1) and (2) . The results are listed in Tab. 3.
Tabs. 2 and 3 indicate that the dry density of rockfill primarily influences the stability of high rockfill embankment, followed by elasticity modulus, Poisson's ratio, cohesion, and frictional angle. According to range analysis, dry density is an important element that influences the stability of high rockfill embankment. Therefore, the moisture content of rockfill and the compaction degree of embankment should be controlled during construction. Further analysis of data in Tab. 3 reveals that the beneficial production condition is A4B1C4D3E1 with respect to the five elements and four levels, and the condition achieves the minimum settlement of embankment. On the contrary, the disadvantageous production condition is A 1 B 4 C 1 D 2 E 3 , which causes the maximum settlement of embankment. 
Analysis of Numerical Simulation Results
According to the orthogonal test results, dry density, elasticity modulus, and Poisson's ratio are the three main influencing elements of the stability of high rockfill embankment. The influencing laws of dry density, elasticity modulus, and Poisson's ratio on stability of high rockfill embankment were analyzed through a numerical simulation using FLAC3D (other parameters were consistent with those in level 2). In addition, embankment deformation behaviours under advantageous and disadvantageous conditions were compared through numerical analysis. The deformation curve of embankment under different dry densities is shown in Fig. 3 . Fig. 3 shows that the deformation behaviour of embankment changes significantly with the variation in dry density. With the increase in dry density, the maximum settlement of embankment increases continuously, and the X-direction displacement at the slope foot is mainly negative and increases continuously. Meanwhile, negative and positive Z-direction displacements increase. As the filling height increases, the maximum settlement and the negative X-direction displacement present a linear growth trend. In the Z-direction, the slope foot develops settlement first and then upheaval with the increase in filling height. The deformation intensifies gradually. Within the chosen range of dry density, the changes in dry density influence deformation of embankment throughout the construction period significantly. The deformation curves of embankment under different elasticity moduli are shown in Fig. 4 . Fig. 4 indicates that the deformation behaviours of embankment under different elasticity moduli are relatively similar. The variation trends of maximum settlement, X-direction displacement, and Z-direction displacement of the embankment are consistent with those under different dry conditions. In the chosen range of elasticity modulus, the deformation of embankment throughout the construction period remains constant with the changes in elasticity modulus. The deformation curves of embankment under different Poisson's ratios are shown in Fig. 5 .
As shown in Fig. 5 , the maximum settlement of embankment remains constant with the changes in Poisson's ratio. The X-and Z-direction displacements at the slope foot are similar in the beginning of the construction period, but they begin to diverge in the late stage. The variation trends of the maximum settlement, X-direction displacement, and Z-direction displacement are similar with those under different dry densities. In the chosen range of Poisson's ratio, Poisson's ratio insignificantly affects the maximum settlement of embankment but significantly influences the displacements at the slope foot in the late stage of construction. The deformation curves of embankment under advantageous and disadvantageous combinations are shown in Fig. 6 . Fig. 6 shows that the deformation behaviours at the top surface and the slope foot of the embankment are positively related to the filling height under advantageous and disadvantageous conditions (A4B1C4D3E1 and
. By contrast, the deformation of embankment under the advantageous condition increases slowly with the increase in filling height and has small volume. Under the chosen levels of elements, the deformation of high rockfill embankment under advantageous condition is approximately 30% less than that under the disadvantageous condition. 
Deformation Laws of High Rockfill Embankment
The settlement law of high rockfill embankment is analyzed by taking level 2 as an example.
The cloud map of variation in settlement with filling height is shown in Fig. 7 . Evidently, the settlement of embankment increases continuously with the increase in filling height, and the range expands gradually. When the construction of embankment is completed, the maximum settlement occurs at the center of the embankment. The deformation at the slope foot is mainly controlled by upheaval. In addition, the deformation and range increase continuously with the increase in filling height. The cloud maps of the changes in X-direction deformation with filling height are shown in Fig. 8 . Clearly, positive and negative X-direction displacements are at two sides of the embankment. The maximum positive displacement occurs in the rock layer below the embankment, while the maximum negative displacement occurs in the rock layer below the slope foot. With the increase in filling height, the maximum positive and negative displacements move toward the right side of embankment and expand continuously to the surrounding areas. When the embankment construction is completed, negative displacement takes the dominant role in the deformation of the whole embankment and the maximum negative displacement appears in the rock layer below the third-level slope. 
CONCLUSIONS
The effects of different rockfill parameters on the stability of high rockfill embankment were analyzed through an orthogonal analysis to understand the deformation law of high rockfill embankment comprehensively. On this basis, the settlement law of high rockfill embankment was explored using a numerical simulation. The following major conclusions were drawn:
(1) Among five selected elements, the orthogonal test reveals that dry density primarily influences the stability of high rockfill embankment, followed by elasticity modulus, Poisson's ratio, cohesion, and frictional angle.
(2) The influencing laws of different elements on the deformation behaviour of high rockfill embankment are disclosed from numerical simulation. The dry density of rockfill can significantly affect the settlement of the embankment and the deformation at the slope foot, whereas the elasticity modulus influences the deformation of embankment slightly. Poisson's ratio slightly affects the settlement of embankment but significantly influences the horizontal deformation of the slope foot.
(3) The top surface of high rockfill embankment develops a settlement deformation during the construction, which is accompanied by outward horizontal squeezing at the slope foot. The vertical deformation is manifested by settlement first and then upheaval.
The current study conclusions can provide some test references for the reasonable selection of rockfill and the stability analysis of high rockfill embankment. However, the stability of high rockfill embankment is controlled by multiple aspects. This study only focuses on the parameters of rockfill but ignores other elements and the combination of multiple factors. Static and dynamic stabilities of high rockfill embankment under multiple elements can be compared in future studies to expand the knowledge range of high rockfill embankment and provide references for comprehensive studies on the deformation mechanism of high rockfill embankment.
